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Background: A30P �-synuclein is associated with the familial form of Parkinson disease.
Results: The secondary structure and chemical shifts of A30P �-synuclein fibrils are in high agreement with wild-type.
Conclusion: A30P �-synuclein fibrils adopt the same structure as the wild-type.
Significance: This work is an important step toward elucidating the association between the early onset Parkinson disease
mutants of �-synuclein fibrils and Parkinson disease pathology.

�-Synuclein (AS) is associatedwith both sporadic and familial
forms of Parkinson disease (PD). In sporadic disease, wild-type
AS fibrillates and accumulates as Lewy bodies within dopamin-
ergic neurons of the substantia nigra. The accumulation of mis-
folded AS is associated with the death of these neurons, which
underlies many of the clinical features of PD. In addition, a rare
missense mutation in AS, A30P, is associated with highly pene-
trant, autosomal dominant PD, although the pathogenic
mechanism is unclear. A30P AS fibrillates more slowly than the
wild-type (WT) protein in vitro and has been reported to pref-
erentially adopt a soluble, protofibrillar conformation. This has
led to speculation that A30P forms aggregates that are distinct
in structure compared with wild-type AS. Here, we perform a
detailed comparison of the chemical shifts and secondary struc-
tures of these fibrillar species, based upon our recent character-
ization of full-length WT fibrils. We have assigned A30P AS
fibril chemical shifts de novo and used them to determine its
secondary structure empirically. Our results illustrate that
although A30P forms fibrils more slowly than WT in vitro, the
chemical shifts and secondary structure of the resultant fibrils
are in high agreement, demonstrating a conserved �-sheet core.

�-Synuclein (AS)5 is centrally implicated in Parkinson dis-
ease (PD) and several other neurodegenerative disorders (1).

The unifying feature of the “synucleinopathies” is aggregation
and accumulation of AS protein within intracellular inclusions
(2). Although these diseases are typically sporadic, several
mutations in the SNCA gene encoding AS are associated with
familial PD, including single-point mutations A53T (3), A30P
(4), and E46K (5), and allele duplication (6) or triplication (7).
Although the PD-associated AS mutations are extremely rare,
analysis of their pathogenicity could significantly illuminate the
mechanisms underlying sporadic disease. The normal function
of AS is not precisely known, but it shares conserved structural
features with the exchangeable apolipoproteins (8), and several
lines of evidence suggest a role for AS in presynaptic vesicle
trafficking (9–11). Like the wild-type (WT) protein, all mutant
forms of AS are intrinsically unfolded in aqueous solution but
adopt an �-helical secondary structure within their N-termini
upon binding to phospholipid vesicles or detergent micelles
(12, 13). Within A30P, the helical domain is partially disrupted
by proline substitution, with a consequent decrease in lipid
affinity (12), whereas the A53T and E46Kmutants exhibit sim-
ilar or enhanced lipid binding compared with WT AS (12, 14).
Thus, altered lipid affinity is not a unifying phenotype for dis-
ease-associated mutants.
One hypothesis to account for the pathogenicity of the PD-

related mutations is that they promote pathological AS aggre-
gation. However, A30P AS has been reported to fibrillate more
slowly than WT AS in vitro (15) and to populate a soluble,
protofibrillar intermediate preferentially, whereas WT readily
progresses to mature, insoluble fibrils (16). This has fueled
speculation that the mechanism of A30P toxicity may be fun-
damentally different from that of WT AS. Only recently has
tissue from a familial PD patient with the A30P mutation
become available for analysis. This individual displayed neu-
ropathology typical of idiopathic PD but with a greater than
typical load of insoluble fibrillar aggregates (17). This is a
surprising result that strongly implicates fibrillar AS in the
pathogenesis of A30P-dependent PD.
A30P and WT AS fibrils have similar morphologies when

viewed by low resolution techniques, like electron microscopy
(18). Although recent solution NMR studies of quenched
hydrogen/deuterium (H/D) exchange have suggested that the
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A30Pmutation does not perturb the location or arrangement of
�-strands in WT AS fibrils (19), it is not possible to draw site-
specific conclusions regarding structure from H/D exchange
experiments alone; for example, some �-sheet regions may be
more exposed than others, or protected regionsmay not exhibit
a �-sheet secondary structure. In addition, these indirect mea-
surements rely on low molecular mass samples, which require
fibrils to be broken down to smaller units. In contrast, solid-
state NMR (SSNMR) is uniquely positioned to obtain atomic
resolution structural information of systems (like AS fibrils)
that are noncrystalline, insoluble, and of highmolecularweight;
these results are achieved without altering sample integrity. In
this study, we sought to determine whether A30P AS fibrils
differ fromWTAS fibrils at the atomic level of secondary struc-
ture.Our results, based on chemical shift analysis obtainedwith
multidimensional SSNMR experiments, illustrate that A30P
and WT AS fibrils are highly similar in secondary structural
details.

EXPERIMENTAL PROCEDURES

Protein Sample Preparation—Natural abundance and uni-
formly 13C,15N-labeled WT and A30P full-length, monomer
samples were expressed and purified as described previously
(20). Briefly, recombinant protein was expressed in Escherichia
coli BL21(DE3), while grown in minimal medium supple-
mented with 13C,15N BioExpress (Cambridge Isotopes). Purifi-
cation was performed by thermal lysis, hydrophobic
interaction, and size exclusion chromatography resulting in
high yield (�40 mg/liter). The sample purity was confirmed by
gel electrophoresis and mass spectrometry. To verify that the
mutation was present, the plasmid was sequenced and
1H-15N heteronuclear single-quantum correlation (HSQC)
spectra of the purified monomer samples were acquired (see
supplemental Fig. S1).
Thioflavin T Fluorescence—Solutions ofmonomericWTand

A30P AS (1 mM, 10 mM phosphate buffer, 2.7 mM KCl, 137 mM

NaCl, pH 7.4) were filtered, and fibril formation was measured
by monitoring Thioflavin T (15 �M, Sigma-Aldrich) fluores-
cence using established protocols (21). Control wells were pre-
pared to account for light scatter and possible quenching.
96-well plates were incubated at 37 °C and agitated for 16 min
prior to each reading with 4 min of no agitation. Seven repli-
cates were performed for both A30P and WT AS.
Electron Microscopy—WT and A30P AS fibril samples were

treated with Karnovsky’s fixative and negatively stained with
2% ammonium molybdate (w/v). Samples were applied on
Formvar carbon-coated grids (300mesh) and were viewed with
a Hitachi H600 transmission electron microscope, operating at
75 kV.
Solution NMR Spectroscopy—Solution NMR spectroscopy is

discussed in the supplemental text.
Solid-state NMR Spectroscopy—An initial solution of

monomeric, natural abundance A30PAS (1mMprotein, 50mM

phosphate buffer, pH 7.5, 0.02% azide, and 0.1 mM EDTA) was
filtered with a 0.22-�m syringe filter. This solution was incu-
bated with shaking (200 rpm) at 37 °C for 3 weeks to produce
mature fibrils. These fibrils were then used to seed future uni-
formly 13C,15N-labeled A30P AS fibrils. After the allotted time,

fibril solutions were washed, dried, packed into 3.2-mm stand-
ard or thin wall rotors (Varian, Fort Collins, CO), and rehy-
drated with 36% (m/v) water according to previously described
protocols (22).
A 14.1-Tesla (600 MHz, 1H frequency) Varian Infinity Plus

spectrometer equipped with a 3.2-mm T3 Varian BalunTM
1H-13C-15NMAS probe, in triple resonance mode, was utilized
to perform all SSNMR experiments. Experiments employed
tangent ramped cross-polarization (23) and SPINAL-64 (24,
25) 1H decoupling with a field strength of �75 kHz during
evolution and acquisition periods. For three-dimensional 15N-
13C-13C and 13C-15N-13C correlation experiments, band-selec-
tive SPECIFIC cross-polarization (26) was utilized for
heteronuclear polarization transfer between 15N and 13C and
DARR (27) mixing for 13C homonuclear polarization transfer.
All experiments were acquired under 13.3-kHz MAS and at a
cooling gas temperature of 10 °Cwith 90 standard cubic feet per
hour flow, resulting in an actual sample temperature of 18 �
5 °C. The adamantane downfield peak was assumed to resonate
at 40.48 ppm as an external chemical shift reference (28). The
two- and three-dimensional spectra used for chemical shift
assignments are listed in supplemental Table S1.
Data were processed with back linear prediction applied to

the direct dimension. Zero filling, Lorentzian-to-Gaussian apo-
dization and/or cosine bells were applied for each dimension
before Fourier transformation using NMRPipe (29). Peak pick-
ing, assignments, and peak heights were obtained with
SPARKY software (30) using the approximation of Gaussian
line shapes for peak integration.

RESULTS AND DISCUSSION

A30P AS Fibrillates More Slowly than WT—WT and A30P
AS solutions were prepared, as described previously (20), to
monitor fibril formation with Thioflavin T fluorescence. An
increase in lag time indicates a decrease in the fibrillation rate,
as shown for A30P comparedwithWT (Fig. 1a). Our data show
WT AS to propagate fibrils after 24 h and A30P after 72 h.
These results are in agreement with those of Li et al. (31) and
Meuvis et al. (32). AlthoughA30P andWT fibrillate at different
rates, a comparison of electron micrographs of mature fibrils,
formed after 3 weeks of incubation, exhibit no distinguishable
changes in the fibril morphology upon mutation (Fig. 1b).
A30P AS Fibril Morphology Is Highly Reproducible—SSNMR

has proven to be a useful structural biology technique in explor-
ing the structure and dynamics of amyloid fibrils, like AS fibrils
(33–35). Certain amino acids (i.e. Gly, Ala, Thr, Ser, Ile, and
Pro) are distinctively identifiable by their unique chemical shift
patterns and are highly sensitive to secondary structure (36–
40). Therefore, to evaluate slight variations between one fibril
batch to the next, 13C-13C two-dimensional spectra with 50-ms
DARR (27) mixing were acquired of three different batches of
A30P AS fibrils, prepared as described previously for uniformly
13C,15N-labeled WT AS fibrils (20, 22). The linear regression
analysis of two individual batches showed R2 values of 0.996,
0.999, and 0.999 for 13C�, 13CA and 13CB, respectively (Fig. 1,
c–e). Independent batches also exhibit average chemical shift
variations of less than 0.2 ppm. Our A30P fibril samples are
microscopically well ordered, evidenced by the narrow hetero-
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geneous line widths, averaging 0.2 ppm (Fig. 1f). Many of the
spectral fingerprints of A30P AS fibrils are identical to those of
WT; for example, the highly resolved Thr and Ser regions,
shown in Fig. 1, g and h.
A30P AS Fibril Chemical Shift Assignments—SSNMR het-

eronuclear (15N-13C) and homonuclear (13C-13C) two-dimen-

sional experiments with longer DARR mixing times were
acquired on uniformly 13C,15N-labeled A30P AS fibrils to
detect intra- and interresidue correlations and confirm pair-
wise assignments. Some signal patterns could be assigned
immediately, but the majority of correlation patterns were
degenerate due to the presence of sequential, imperfect repeats

FIGURE 1. In vitro fibrillation conditions provide microscopically well ordered A30P AS fibrils that form slower than WT. a, average fibril formation assay
of (red triangles) and A30P AS fibrils (blue circles) monitored by Thioflavin T fluorescence. Error bars were determined from seven replicates for each. b, com-
parison of the electron micrographs of WT (left) and A30P AS (right) fibrils. 13C� (c), 13CA (d), and 13CB (e) chemical shift plots between two individual batches of
A30P AS fibrils. f, 13C-13C two-dimensional with 50-ms DARR mixing of A30P AS fibrils. Overlaid expansions of WT (red) on to A30P (blue) AS fibrils for the Thr/Ser
(CB-C�) (g) and Thr/Ser (CB-CA) (h) regions.
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(KTKEGV) in the AS sequence. Accordingly, three-dimen-
sional experiments (supplemental Table S1) were acquired to
obtain unambiguous, site-specific chemical shift assignments.

15N-13C-13C three-dimensional experiments detect a com-
mon nitrogen frequency to associate two neighboring residues
(the i and i�1 residues). Additionally, 13C-15N-13C three-di-
mensional experiments can be used to gain an added common
frequency such as 13CA or 13C� in the second dimension. For
example, a CAN(CO)CX starts with 13C polarization on 13CA
nuclei and is transferred to 15N nuclei; this is followed by a
polarization transfer from 15N to 13C� nuclei (where no chem-
ical shift evolution takes place) using specific cross-polarization
(26). Once these cross-polarization transfers have occurred, the
resulting polarization on the 13C� nucleus is transferred
through space to the side chain 13C nuclei using the DARR
mixing scheme. Using these three multidimensional experi-
ments, we conducted chemical shift assignments of sequential
residues using well established techniques for making de novo
site-specific chemical shift assignments (22, 43–49). Fig. 2 illus-
trates how the backbone walk method is used to assign seven
consecutive residues in A30P AS fibrils. Sequential backbone
assignments were achieved for the stretches of Val40-Val49,
Gly51-Val55, and Glu57-Asp98 (supplemental Figs. S2 and S3). A
total of 63 unique de novo resonance assignments were possible
for A30P AS fibrils (supplemental Table S2) without relying
upon the WT AS chemical shift lists.
The resolution and sensitivity of A30P AS fibril spectra were

in some instances better than those observed with WT fibrils;
for example, a number of signals (corresponding to residues

Glu57, Glu61, and Asp98) were detected in the loop regions that
were not evident in comparable spectra of WT AS fibrils. In
previous studies of the WT AS fibrils, residues Tyr39 to Lys43,
Lys58 to Lys60, Gln62, and Lys97 (highlighted in supplemental
Table S2) could only be assigned using data acquired with 13C-
sparsely labeled samples (22), which provide higher resolution
data compared with uniformly 13C-labeled samples (50). For
A30P, these residues were detected and assigned using uni-
formly 13C-labeled samples, which we attribute to technical
improvements in the data collection and potential differences
in the dynamics of the loop regions. Some of these signals show
slight chemical shift perturbations relative to WT (see below),
consistent with small conformational differences and/or chem-
ical exchange effects.
A30P �-Synuclein Forms Fibrils That Are Structurally Simi-

lar to Wild Type—We applied linear regression analysis to the
complete set ofWT (22) andA30PAS fibril chemical shifts (Fig.
3). The chemical shifts of 13CA and 13CB, which report
primarily upon secondary structure, showed a high agreement
(R2 values of 0.999 and 0.998, respectively) and confirm nearly
identical secondary structures between A30P and WT AS
fibrils. The 15N and 13C’ chemical shifts exhibit R2 values of
0.998 and 0.991, respectively, which are consistent withmodest
perturbations in hydrogen bonding and electrostatics upon
mutation (51, 52).
As demonstrated previously (53), the dipolar-based CANCO

experiment produces a correlation for themost rigid residues in
a given sample. Amyloid fibrils contain a rigid core, where dipo-
lar-based experiments transfer polarization with high effi-

FIGURE 2. Multidimensional spectra with high sensitivity and resolution allowed for the chemical shift assignments of A30P AS fibrils. Left, backbone
walk schematic. Right, illustration of backbone connectivity through the NCACX (red), NCOCX (blue), and CAN(CO)CX (purple) spectra of residues Val71-Asn65 for
A30P AS fibrils. All spectra were acquired with 50-ms DARR mixing and processed with 0.5 ppm of line broadening in each dimension.
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ciency, and mobile regions, where polarization transfer is inef-
ficient in dipolar-based experiments (34, 54). Thus, the signal
intensities report qualitatively on rigidity. Sixty-one correla-
tions were identified in the CANCO spectrum of A30P AS
fibrils, of a possible maximum of 139 backbone pair correla-
tions from 140 residues. Of the correlations detected in the

CANCO spectra, 91% were unambiguously assigned, as
described in Fig. 2. Fig. 4c demonstrates the trend in signal
intensity by residue number for A30P AS fibrils. The region
with the greatest intensity is found for residues 68–94, which
includes the most hydrophobic stretch, 71–82 (55). Signals
from mobile regions, such as the termini, are not observed in
these spectra, due to the low efficiency of dipolar-mediated
polarization transfer for mobile residues.
SSNMR detects differences in chemical environments with

high sensitivity (37–40, 56). This allows for the identification of
amino acids and prediction of backbone dihedral angles (� and
�) and secondary structure with the TALOS� program, illus-
trated in Fig. 4, a and b (38, 57). Our results pertaining to A30P
AS fibrils indicate a highly similar �-sheet secondary structure
relative to the WT (22) (Fig. 4a). This is consistent with the
localization of A30 outside the stable �-sheet core for the WT
fibril structure, thus exerting no major effect on the �-sheet
secondary structure of the core upon mutation (22).
The improvement in data quality of A30P AS fibrils allowed

for the detection of additional residues and extended empirical
determination of secondary structure compared with the WT
in the Val55-Val63 region. In addition, when the chemical shifts
of this regionwere compared betweenA30P andWTAS fibrils,
perturbations greater than 0.5 ppm for Val55, Lys58, Lys60, and
Val63 were observed; this variation significantly exceeds the
batch-to-batch variations in individual sample preparations
(�0.2 ppm). These localized chemical shift perturbations sup-
port the idea that this region somehow interactswith residue 30
in the AS fibril structure. We envision three possible scenarios.
(i) The regionVal55-Val63 is proximate toA30 in the foldedWT
structure; these interactions are modified as a direct result of
the A30Pmutation. (ii) The region Val55-Val63 of onemolecule
is proximate to A30 of a neighboring molecule, due to the qua-

FIGURE 3. Comparison of the chemical shift assignments of A30P and WT
AS fibrils (22) demonstrates that the fibril is mostly unchanged upon
A30P mutation. 15N (a), 13CA (b), 13C� (c) and 13CB (d) chemical shift plots of
WT versus A30P AS fibrils are shown. Residues that differ by more than 0.5
ppm are labeled (open circles).

FIGURE 4. Comparison of the secondary structures between WT (22) and A30P AS fibrils demonstrates that the fibril core is mostly unchanged upon
A30P mutation. a, representation of the secondary structure of WT and A30P AS fibrils based on TALOS� analysis (�-strands, arrows; turn or loop, curved lines;
not predicted, dashed line). TALOS� predicted backbone dihedral angles � (black squares) and � (gray circles), with error bars based on the 10 best TALOS� data
base matches (b) and the normalized peak heights from CANCO as a function of residue number for A30P (c).
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ternary arrangement of the fibril; such interactions would also
change as a direct result of the A30P mutation. (iii) The region
Val55-Val63 interacts with the N-terminal domain of the WT
fibrils, and the mutation A30P disrupts the organization of this
N-terminal domain; thus the perturbations in the region Val55-
Val63 would be an indirect consequence of themutation. These
three scenarios are not mutually exclusive.
Furthermore, our SSNMR results demonstrate that the

N-terminus of A30P ismore dynamic than the fibril core, based
upon the absence of N-terminal signals in the dipolar spectra.
Perhaps significantly, Goedert and co-workers report that the
truncation of the N-terminal domain of AS causes an increase
in the fibrillation lag time of WT AS (42). This demonstrates
that the intact N-terminal domain plays a role in promoting
fibrillation and suggests a mechanism whereby disruption of
the N-terminal domain (via the A30P mutation) might inhibit
fibrillation kinetics without altering the fibril structure. These
observations are consistent with the hypothesis that the A30P
mutation affects the susceptibility to form fibrils in vitro, hence
the propensity to form more oligomeric species than mature
fibrils (31).
Although the propensity to fibrillize more slowly in vitro is

well documented for A30P, a recent report of neuropathology
in a familial PD patient with the A30P mutation demonstrated
a greater than typical load of insoluble fibrillar aggregates as
compared with sporadic PD patients (17). This seeming para-
dox remains to be explained, although it is plausible that rela-
tive fibrillation kinetics might differ significantly in a cellular
environment. The A30P mutation decreases lipid affinity and
disrupts the structure of the lipid-bound protein relative toWT
(12), which could alter the trafficking, localization, and turn-
over of A30P or its interactions with chaperonemolecules. Elu-
cidation of the cellular factors that modulate AS fibrillation are
a subject of ongoing research.

CONCLUSIONS

We have performed a site-specific comparison between the
secondary structures of full-length WT and A30P AS fibrils.
Chemical shift assignments and the empirically determined
secondary structure demonstrate that A30P adopts the wild-
type fibril structure, despite the fact that A30P forms fibrils
more slowly. Our results show that theA30Pmutation does not
substantially perturb the resultingAS fibril secondary structure
at an atomic level.
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